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Abstract. The electrical properties 2D of packed metallic pentagons have been studied. The characteri- 
zation of such metallic pentagon heaps (like i — V measurements) has been achieved and has allowed to 
point out two distinct conduction regimes. They are separated by a transition line along which the sys- 
tem exhibits a memory effect behavior due to the irreversible improvement of electrical contacts between 
pentagons (hot spots). A limit current density has been found. 

PACS. 8f.05.Rm Porous materials, granular materials 45.70.-nGranular systems 05.60.-kTransport pro- 
cesses 



1 Introduction 

Among the wide panel of physical properties exhibited 
by granular materials, the electrical properties are rather 
spectacular since they are the origin of radiotelecommuni- 
cation. Let us remind that the first reported antenna has 
been found by Branly in 1891 T; this antenna was essen- 
tially composed of a glass tube containing metallic filings. 
It is not yet understood why a packing of metallic filings 
becomes a better conductor when an electromagnetic wave 
hits the system. In the 19th century, Calzecchi-Onesti has 
also found that a similar insulator-conductor transition 
occurs when a high current flows through such a system 
0. Thermal analysis has shown that the Calzecchi- 

■ Onesti transition is due to the soldering of grains. The 
authors have observed a strong increase of the temper- 

■ ature along certain electrical pathes. This indicates the 
' welding of the beads at the contacts. The pathes being 
, better conducting shunt the remain of the packing and an 

■ electric transition occurs when a continuous weakly resis- 
, tive path is established. On the other hand, Bonamy ^ 
i has found that the i — V curve of one contact between 
' two beads is continous : no sharp transition occurs. Fi- 
, nally, in , it was shown that the i~V diagram of a lead 

bead heap is a combinaison of an exponential behavior of 
the voltage due to slow microsoldering of the beads fol- 
lowed by a sharp transition as soon as a critical current is 
reached. This behavior is only obtained in specific condi- 
tions : (i) the filings have to be loose packed and (ii) to be 
a little oxydized at the grain surface. Those conditions are 
rather fuzzy and need quantification. Experiments should 
be proposed to obtain a complete picture of the electrical 
behaviors of the granular matter. 

It is well known that a 3D granular packing is charac- 
terized by a complex system of arches along which force 
lines take place. A good way for investigating this network 



is to study how an electrical current i can flow through the 
system. Indeed, Hertz 'S' observed that electrical contacts 
are enhanced by pressure; electrical currents tends to fol- 
low the paths which are created by the lines of mechanical 
forces. From this point of view, the electrical paths form 
an image of the force chains. 

In a previous paper 5, , a 3D granular packing has been 
studied. The voltage V has been recorded as a function of 
the injected current intensity i. High memory effect has 
been pointed out and two regimes, i.e. a conducting and 
a non-conducting one, have been found to occur depend- 
ing on the electrical history of the system. The transition 
between both regimes is sharp and the so-called Calzecchi- 
Onesti transition has been found. This transition was in- 
terpreted in term of the dielectric breakdown of the oxyde 
layer as in semiconductor devices ^9 . The voltage V be- 
havior versus the current i was found to be well fitted by 
an exponential law like 



F-T/o(l-exp(-i/zo)) 



(1) 



where Vb is the saturation voltage obtained at high in- 
jected current and (Vo/«o) is the initial resistance of the 
packing. 

Several questions rise from those experiments espe- 
cially about the origin of the reversibility of the transition. 
The microsoldering of beads is surely expected to be an 
irreversible process, thus a strong memory effect behavior 
should be highlighted. 

This paper concerns further investigation of the i — V 
diagram of a 2D metallic grains packing. For that purpose, 
a simple system has been considered. It consists in a pack- 
ing of 1 mm thick planar pentagons for which edges are 
10 mm wide (Fig.l). Such a 2D system has been studied 
in ref.|Sl[7] as far as compaction properties are concerned. 
It has been shown that the formation of arches inside the 
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Fig. 1. Picture of the setup containing the metallic pentagons 
with current leads. 

packing is responsible for the anisotropy of the force lines 
in granular packings. The impossibility for pentagons to 
be packed into in a compact configuration, whence form 
intrinsic arches, is thus very interesting to study. 

In the present work, we report the analysis of the volt- 
age behavior during current cycles. This allows us to de- 
scribe the i — V plane as supporting two distinct regimes. 
Contrary to bulk materials, granular packing is not only 
represented by one single curve in the i — V plane but 
by several trajectories depending on the history of the in- 
jected currents in the system. Memory effects have been 
pointed out. The points of the i — V plane where such a 
granular system may exist define an area limited by the so- 
called irreversibility line and the intrinsic resistance line. 
The irreversibility line is a line along which the electrical 
resistance is weakened when the current increases. 

In Sect. 2, the experimental setup and conditions are 
described. The next sections are devoted to results and 
interpretations. Conclusions are drawn in Sect. 5. 



2 Experimental setup 

About 200 aluminium pentagons are disposed in a plex- 
iglas vertical vessel of 210 x 200 mm^. In order to avoid 
overlaps between pentagons and, in so doing, to keep 2D 
conditions, the vessel width is 1 mm thick (Figure 1). The 
packing is built by droping the pentagons one by one be- 
tween vertical planes. No further compaction process has 
been performed. The electrical contacts are set on two 
particular pentagons. Those contacts are soldered and the 
measure of the resistance is performed in a two-wires con- 
figuration : the lowest measured global resistance of the 
packing is about 20 f2 which is much higher than that of 
the current leads. 

In order to avoid electromagnetic perturbations, the 
vessel and the measurements instruments arc placed in a 
Faraday cage. Electrical contacts are connected by coaxial 
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Fig. 2. (a) The i — V curve obtained for a cycle of injected 
currents as described in the text, in the upper positive quad- 
rant values. Numbered arrows indicate the different stages of 
the measurement. A, B and C are particular points discussed 
in the text, (b) Same results present in a log-log plot in order 
to better emphasize the different cycles. 

cables to a Kcithley K2400 current source which allows to 
measure the voltage. During the experiment, we chose to 
modify the current intensity i and to measure the voltage 
V. 



3 Results 

The injected current is set to i = sign 10"'^ A, q being the 
running parameter in the following description. A maxi- 
mum current value is set by fixing qmax- Starting from 
the minimum current q = Q, the current is increased up to 
Q = Imax- It is then decreased to g = 6 and to "negative" 
values. To sum up, a cycle is defined as q varies as follow 

sign =l:q = 6^ qmax 

Q Qrnax ^ 6 

sign = -1 : q = 6 -> q^ax 

q = qmax 6 (2) 

such that, a cycle is achieved. A new value for qmax is 
fixed and another cycle is made. The maximum values 
have been successively set to 4, 3, 2.5, 2, 1.5 and finally 1 
which corresponds to the maximum current intensity that 
the source can deliver (100 mA). In Figure 2a, 2b and 
3, the same recorded i — V curves are shown. Since the 
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Fig. 3. The i — V curve obtained during current cycles. 

range of current intensities is broad, Figure 2b has been 
represented in a log- log plot. 

In order to describe a complete cycle, let us follow the 
arrows indicated on the Figure 2a, 2b and 3. Starting from 
point A, while the current increases, the voltage increases 
following the law (materialized by a solid line in Figure 2a 
and 2b) 

V ^[Vo{l-eM-^/^o))]+Rr^ (3) 

where Rr is the intrinsic electrical resistance of the pack- 
ing. The system reaches the point B (10^^'^, 1.6). The cur- 
rent is then decreased (arrow 2); the voltage decreases 
following a linear law V = Rai where Ra is a fitting co- 
efficient, till the point B' (-lO^^-^, -1.6) (Figure 3). Next, 
the current is increased till 10~^ A (arrows 3). The voltage 
first follows the same linear law till point B. After that, it 
follows the law of Eq.(2) till point C (10^\2.4). The in- 
jected current i is then decreased (arrows 4) : the voltage 
linearly decreases asV = R'^i, where i?^ is lower than Ra 
and follow the same linear law as the current is increased 
again to 10~^ A (arrow 5). 

A close look at Figure 3 shows that the feature still ex- 
ists for low injected currents (see Figure 4). The electrical 
resistance is very high : about 25 kf2; while the structure 
of the i — V curve is similar to Fig. 2(a). This feature would 
not be observed whether the starting injected current is 
higher than in this example. That shows the high hys- 
teretic behavior of such system and that different scales 
are in presence in a granular packing. Moreover a very 
small jump occurs dX i — 10~^ A. This should be at- 
tributed to a breakdown of the reverse diode as observed 
in a 3D system . This breakdown will be explained here- 
below. 



4 Interpretations 

In order to summarize our results. Fig. 5 is a sketch of Fig- 
ure 2a. The irreversibility line is described by Eq.(3). It 
is thought that microsoldering process occurs along this 
line since electrical arcs can be seen during the experi- 
ment. The intrinsic resistance line is obtained when the 
contacts can be neglected. The resistance of a aluminium 
wire, representative of the soldered grains, would be then 
obtained. Those two lines define in the i — V plane an 
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Fig. 4. Blow-up of the i — V curve of Fig. 3 for very low 
currents. 



area included between both lines. This zone localizes the 
accessible points by the system. Ohm's law is of applica- 
tion as indicated by the slope of straight lines in Figure 
2b. Let us consider the point («i,wi) from this zone. The 
straight line which links this point to the origin is given by 
y — {vi/iiji (Ohm's law). This line intersects the curve 
of Eq.(2) at {ic,V2)- The point (ii,fi) can be thus reached 
by increasing the current following the irreversibility line 
to the point {ic,V2) and then by decreasing the current fol- 
lowing V = (wi/«i)j. That also means that the Ohm law 
is applicable in the range of the injected currents [— ic,ic]- 
In this range, the electrical resistance behaves as a con- 
ducting bulk material. 

The different behaviors met in the i — V plane find their 
origin in the intergrain nature. A large number of publica- 
tions concern the modelization of contact network. They 
consider either a resistors network 10,11.12 13 1 ^15j or 
diodes network jl6lll7j or mixing resistors and diodes net- 
work [T^ItT^ . Some of those models may reproduce the 
dielectric breakdown and consider non-linear resistance. 
Considering the chemical composition and the geometry 
of a contact, i.e. an oxyde layer between two metallic pen- 
tagons, the non linearity of the electrical resistance can be 
introduced by considering a granular packing as a network 
of diodes. A contact is then represented by two opposite 
diodes in parallel. In order to be complete, irreversible pro- 
cesses have to be introduced in the model since memory 
effect behavior occurs in the system. 

We propose to model contacts as if they are made by 
two opposite diodes in parallel plus a resistor R in parallel. 
Diodes have a behavior described by Eq.(3). Resistors are 
characterized by a section S and a resistivity p and follow 
Ohm's law. The current will preferencially flow through 
either the diode or the resistance according to the relative 
resistance of both components. 

Consider the system as being a mean-field media char- 
acterised by an average resistivity p. The resistance R of 
the contact can be written using Pouillet law as i? = p(-/ S 
where ^ is the effective length of an electrical path between 
the electrodes. When V = Vq aX the saturation, it can be 
rewritten according to Pouillet law : Vq = ptijS. The 
ratio ijS equals to the conductivity a multiplied by the 
limit electrical field Eq = V^jl (about 5 V/m). In other 
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Fig. 5. Sketch of the different zones and curves presented in 
the i — V diagram. 

words, i/ S equals to Ji which is hereby called a limit cur- 
rent density. This quantity remains constant in the range 
of high currents. This means that an increase of current 
intensity corresponds to an increase of the section of the 
contact resistor so as to keep constant. The grains knit 
together following the rule S = Je/i- Within this approx- 
imation, the section increases of a factor 3 between the 
point B and C in Fig. 2a. This microsoldering process is of 
course irreversible. When the current intensity decreases, 
the current follows the path defined by those enhanced 
contacts which shunts the diodes. The Ohm's law is from 
then on application as shown in Fig. 2a and 5. 

The very low current feature shown in Fig.4 exhibits 
rather the same behavior as described here above. When 
the same arguments are applied to this, a larger Ji is found 
since Eq = 2.5 V/m in this case. Nevertheless, a break- 
down occurs at 10"'' A (Fig.4). This is similar to the one 
in a 3D system as in ref.|2|. It can be explained as a Zener 
or avalanche breakdown of the reverse diode when the 
voltage across a contact reaches the critical value, i.e. the 
Calzecchi-Onesti transition. 
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5 Conclusions 

The above measurements show that a weak electrical con- 
tact in granular metallic packings has to be modelized as 
three components in parallel : two opposite diodes and a 
resistor. This resistor modelizes the microsoldering and is 
characterized by a limit current density. When this limit 
density is reached, the equivalent section of the resistor 
increases, the grains weld together. This is an irreversible 
process. The model allows to explain the hysteretic loops 
in i — V curves. Moreover electrical properties of metallic 
grains packing are strongly determined by the electrical 
history of the system. Fine structures can be pointed out 
or not according to injected current cycles. 
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